Melanoma differentiation-associated gene 9 (MDA-9)/Syntenin is a multidomain PDZ protein and identified as a key oncogene in melanoma initially. This protein contains a unique tandem PDZ domain architecture (PDZ1 and PDZ2 spaced by a 4-amino acid linker), an N-terminal domain (NTD) that is structurally uncharacterized and a short C-terminal domain (CTD). The PDZ1 domain is regarded as the PDZ signaling domain while PDZ2 served as the PDZ superfamily domain. It has various cellular roles by regulating many of major signaling pathways in numerous cancertypes. Through the use of novel drug design methods, such as dimerization and unnatural amino acid substitution of inhibitors in our group, the protein may provide a valuable therapeutic target. The objective of this review is to provide a current perspective on the cancer-specific role of MDA-9/Syntenin in order to explore its potential for cancer drug discovery and cancer therapy.
Introduction
PDZ (an acronym representing three proteins, postsynaptic density protein PSD95/SAP90, drosophila large tumor suppressor DLGA, and zonula occludens 1 ZO-1) domain-containing molecules are conserved sequence elements and well-described regions of 80-100 residues organized into six β strands (βA-βF) and two α-helices (αA-αB) that form compact and globular domains of 25-30 Å [1, 2] . Generally, PDZ proteins control cells' diverse and central physiologic processes [3, 4] . The adapter protein, melanoma differentiation-associated gene-9 (MDA-9)/Syntenin is a distinguishing member of PDZ family. It has been linked to numerous cellular functions in cancers, especially during the invasion and metastasis stage of cancer progression [4, 5] . The expression level of MDA-9/Syntenin was found to be much higher in metastatic cancer cells as compared with non-metastatic cancer cells or normal cells [5, 6] . MDA-9/Syntenin plays its cellular roles though interaction with an expanding list of regulatory proteins via specific conserved domains, which is important for cancer drug discovery [5] [6] [7] [8] . Our group and other groups have developed specific inhibitors of MDA-9/Syntenin resulting in reducing the progression of cancer cells [8] [9] [10] . These several lines of evidence suggest that MDA-9/Syntenin may provide a valuable therapeutic target for cancer therapy.
Discovery, Structure, and Regulation of MDA-9/Syntenin
In general, the growth control and differentiation of cancer cells are reversible and by appropriate treatment(s) it may reprogram cells to irreversibly growth arrest and terminally differentiate [11] [12] [13] [14] . Then differentiation therapy by switching on appropriate gene programs in cancer cells was developing [5, 15, 16] . In the context of human melanoma, Lin and colleagues performed this therapy approach by treatment with a combination of fibroblast interferon (IFN-β) and antileukemic agent mezerein (MEZ) resulted in an irreversible loss of proliferative capacity, changes in biochemical programs, alterations in surface antigen expression, modifications in cellular morphology, profound changes in gene expression, and induction of terminal differentiation [17] [18] [19] . To define the molecular basis of these wide-ranging changes as a function of induction of terminal differentiation, they utilized a subtraction hybridization screen between temporal libraries of normal cells and human melanoma cells resulted in the identification of melanoma differentiation associated genes, such as MDA-5 [20] , MDA-6 [21] , MDA-7 [22] , and MDA-9 [17, 18] . Interestingly, MDA-9 mRNA expression displayed distinct biphasic kinetic, indicating that modulation of MDA-9 expression is disassociated from growth suppression [17, 18] . This is the first time to identify the gene MDA-9. Subsequently, Grootjans et al., used the yeast two-hybrid assay with the cytoplasmic domain of the transmembrane proteoglycan syndecans as baits to clone this gene, which they called syntenin [23] .
The~2.1-kb gene MDA-9/Syntenin is located on 8q12 with an open reading frame of 894 bp, encoding a 298 amino acid (aa) residues with a predicted molecular mass of~33-kDa [17, 18, 23, 24] . Cloning of mouse, rat, zebrafish, and Xenopus MDA-9/syntenin revealed that the gene is highly conserved with homologous across species [25] [26] [27] . As a distinguishing family member of PDZ proteins, MDA-9/Syntenin is composed of four domains: an NH 2 -terminal domain (NTD; aa 1-109) that shows no striking homology to any structural motifs, the first PDZ domain (PDZ1; aa 110-193), the second PDZ domain (PDZ2; aa 194-274), and a COOH-terminal domain (CTD; aa 275-298) (Fig. 1) . Generally, PDZ domains bind the C-terminal peptide of the targeted multiprotein complexes at the plasma membrane as well as intracellular membranes [28] [29] [30] . The terminate peptide usually is binding with hydrophobic amino acid, such as valine or isoleucine located at P0 position, and with either threonine, or tyrosine located two residues from the C-terminus (P-2 position). Typically, PDZ domains are divided into three groups depending on their target peptide sequence: class I (-S/ T-X-Φ), class II (−Φ-X-Φ), and class III (−D/E-X-Φ), where Φ is a hydrophobic residue, of which MDA-9/Syntenin has been shown to bind the three groups with a low-to-moderate affinity [31] [32] [33] .
In comparison to the majority of activity played by the two PDZ domains, the role of N-and C-terminal domains has been implicated only influencing the structure and stability of the full length protein [34, 35] . Further study of the NTD region suggests that MDA-9/Syntenin exists in equilibrium between a closed and open state, possibly regulated by the phosphorylation of an auto-inhibitory domain in the NTD [36] . The NMR studies implicate that the CTD includes structural segments interact in tandem with PDZ domains.
Although PDZ1 and PDZ2 domains of MDA-9/Syntenin have only 26% amino acid identity, the crystal structure elucidated the two domains are structurally similar and arranged in a head-to-tail fashion [32] . During proto-oncogene protein c-Src binding, MDA-9/Syntenin's PDZ2 domain as a major or high-affinity c-Src binding domain and PDZ1 serves as a complementary or low affinity c-Src binding domain, whereby neither of the two PDZ domains is sufficient by itself [37] . This pattern is also observed in the binding process of MDA-9/ Syntenin to a cytoplasmic domain syndecan [38, 39] . In the two PDZ domains of MDA-9/Syntenin, the fragment equivalent to the signature GLGF loop, involved in the terminal carboxylate binding deviates from the paradigm by an insertion of a basic residue (Arg in PDZ1 and His in PDZ2) after the initial Gly [32] . Although rare, these insertions do not seem to perturb the binding between the target PDZ domains and the incoming peptides. A Lys or Arg located 4 or 5 residues typically prior to this loop assists in peptide binding. Except the similarities, there are some differences between the two domains. The notable difference is that the length of the PDZ2 βB-βC loop is much shorter than PDZ1, while PDZ1 contains an insertion of 4 residues. Furthermore, the peptide binding groove of PDZ1 is narrower as compared to PDZ2 or other PDZ domains. This is best illustrated the weak binding property of PDZ1 to the target protein or peptide. S0, S-1, and S-2 are three distinct binding pockets of PDZ2 domain and the interaction of the P-1 residue at the S-1 site is as necessary as the canonical interactions at the S0 and S-2 sites [32, 40, 41] .
Expression and Molecular Mechanisms in Human Malignancies
Tumor cell invasion and metastasis are the major reasons of morbidity associated with human malignancies [42] [43] [44] . Since the firstly discovery of MDA-9/Syntenin in 1996, the role of this PDZ protein has been investigated in tumorigenesis by researchers. Compared with less invasive, less aggressive cancer cells, MDA-9/Syntenin has been found to be expressed at higher levels in more invasive and metastatic cell lines [10, 45] . For example, it is identified MDA-9/Syntenin to be overexpressed in the invasive/metastatic breast cancer cell line MDA-MB-435 cells compared to the poorly invasive/non metastatic breast cancer cell line MCF-7 [46] . Researchers also found forced expression of MDA-9/Syntenin in nonmetastatic cancer cells resulted in cells migrating, and correlated with a more polarized distribution of F-actin and increased pseudopodia formation [23, 47] . Furthermore, MDA-9/ Syntenin gene silenced cancer cells will be accumulated in G1 phase along with enhance p21 and p27 expression [48] . These findings suggest MDA-9/Syntenin seem to be one of the important molecules mediating metastasis in cancers.
In melanomas, MDA-9/Syntenin was discovered first time, and the analysis of this protein was much more comprehensive than that in other epithelial cell carcinomas [8] . The expression of MDA-9/Syntenin was not shown in melanocytes of normal epidermis. However, distinct cytoplasmic and membrane MDA-9/Syntenin positive staining was observed in metastatic melanoma cells. Boukerche et al., demonstrated that the function of MDA/Syntenin is played by regulating FAK, p38-MAPK, c-Src, and NF-κB activity in melanoma progression [7, 37] . The same research group also found MDA-9/Syntenin could promote melanoma cell migration and metastasis by mediating TF-FVIIa-Xa [49] . In recent studies, Dasgupta et al., demonstrated that both membranous and cytoplasmic co-localization of EGFR and MDA-9/Syntenin were detected in the urothelial cells. Moreover, knockdown of MDA-9/Syntenin inhibited cellular growth and invasion by inhibiting EGFR-signaling and key epithelial mesenchymal transition EMT-associated molecules [50] . The raf kinase inhibitor (RKIP) could reduce the ability of MDA-9/ Syntenin by mediating FAK and c-Src activity [9] . In further study, they also demonstrated MDA-9/Syntenin could promote the melanoma cells migration and invasion by mediating with IGFBP2, HIF-1a, VEGF-A, and VEGFR [51] . In uveal melanoma, another group reported knockdown of the gene MDA-9/Syntenin resulted in diminishing angiogenesis along with reduced expression of FAK, AKT, and c-Src [52] .
Breast cancer is an aggressive malignancy that frequently occurs among women worldwide [53] . A couple of recent works in breast cancer showed that MDA-9/Syntenin overexpression correlated positively with tumor size, lymph node metastasis, and tumor recurrence [54] . In one study, Yang et al., demonstrated MDA-9/Syntenin activates the Integrin β1 and ERK1/2 signaling leading to the breast cancer cells proliferation [55] . In addition to being a marker of metastasis breast cancer, MDA-9/Syntenin overexpression was also evident particularly in estrogen receptor (ER) negative breast tumor tissues. It was further shown MDA-9/Syntenin promoted progression of the ER negative breast cancer cells through the regulation of p21 and p27 expression [54] . Menezes et al., demonstrated that MDA-9/Syntenin modulated small GTPases RhoA and Cdc42 via transforming growth factor β1 to enhance epithelial mesenchymal transition (EMT) in breast cancer [56] . Moreover, MDA-9/Syntenin interacting with its partner eIF5A might regulate p53 by balancing the regulation of eIF5A signaling for p53 induced apoptosis [57] .
Glioblastoma multiforme (GBM) is the most common primary central nervous system tumor defined as a grade IV astrocytoma by WHO in adults [58] . Recent studies showed MDA-9/Syntenin enhanced the proliferation of the human glioma cells through regulating FAK-JNK and FAK-AKT signaling [59] . Overexpression of MDA-9/Syntenin promoted migration and invasion of human glioma cells by activating cSrc, p38-MAPK, NF-kB, SPRR1B, and MMP2 signaling pathway [6, 60] . MDA-9/Syntenin also promoted glioma stem cells (GSCs) phenotypes and survival through regulation of NOTCH1, C-Myc, STAT3, and Nanog in GSCs [61] . MDA-9/Syntenin silencing induces autophagic death in GSCs. This process is mediated through phosphorylation of the antiapoptotic protein Bcl-2 accompanied with suppression of high levels of autophagic proteins (ATG5, LAMP1, and LC3B) through EGFR signaling [62, 63] . Moreover, MDA-9/Syntenin regulates protective autophagy in glioblastoma stem cells (GSCs) through two cascades: first, the complex composed of MDA-9/Syntenin and focal adhesion kinase (FAK) promotes phosphorylated Bcl-2 via PKCα, and second, the complex of MDA-9/Syntenin and FAK activates EGFR induces autophagy-related molecules such as Atg5, LC-3, and Lamp1 [62] .
Similar to other studies, MDA-9/Syntenin also promotes invasion and migration of small cell lung cancer (SCLC). SCLC is another particularly aggressive cancer, in which high expression of MDA-9/Syntenin is associated with more advanced and extensive disease at diagnosis [64] . Kim et al., have shown that an invasion promoting role of MDA-9/ Syntenin through upregulation of MT1-MMP and MMP2 in human SCLC cells [64, 65] . In another study, MDA-9/Syntenin was shown to regulate cellular differentiation, and angiogenesis in SCLC via the activation of ras, rho and PI3K/MAPK signaling [66] . Yang et al., provided evidence that MDA-9/Syntenin acts as a pivotal adaptor of Slug (a member of the Snail family) and it transcriptionally enhances Slug-mediated EMT to promote cancer invasion and metastasis in non-small cell lung cancers (NSCLCs) [67] .
Furthermore, MDA-9/Syntenin upregulats TGFβ signaling by regulating caveolin-1-mediated internalization of TβRI in cancer cells. Taken together, these findings demonstrate that MDA-9/Syntenin acts as an important positive regulator of cancer progression by numerous signaling molecules (Fig. 2 and Table 1 ).
Pharmacological Inhibitors of MDA-9/Syntenin
Multiple studies demonstrate the key role of MDA-9/Syntenin in metastasis of various cancer cells. The expression level of MDA-9/ Syntenin was found to be much higher in metastatic cell lines as compared with non-metastatic cancer-cell lines [46] . Also, upregulation of MDA-9/Syntenin was correlated with migration of nonmetastatic cancer cells [68] , and genetic knockdown of MDA-9/Syntenin inhibited cell migration and invasion [6, 66] . There is no doubt that MDA-9/ Syntenin is a valuable target for cancer therapy. It was therefore postulated that inhibiting the function of MDA-9/Syntenin, in particular the ligand-binding property of the tandem PDZ domain, may be an effective way of preventing metastatic cancer spreading [69] .
Targeting of pharmaceuticals to MDA-9/Syntenin PDZ domains, however, has not been widely successfully developed. Because natural PDZ peptides binding interactions are often weak and promiscuous, so it is very challenging to develop pharmaceutical MDA-9/Syntenin PDZ inhibitors. In recent years, approaches that enable probing of large libraries of potential molecules are developed, such as mRNA display [70] and fragment-based drug discovery coupled with NMR analysis [71, 72] . These approaches may aid in finding a way to inhibit difficult structures like the PDZ domains. Kegelman and co-workers developed small-molecule inhibitors of MDA-9/Syntenin by using innovative fragment-based drug design and NMR approaches. They found that the inhibitors reduced invasion gains in glioblastoma multiforme cells following radiation [73] . Therefore, MDA-9/Syntenin-targeted inhibition produced a similar effect as genetic knockdown. Fisher and coworkers demonstrated the efficacy of supplementing radiotherapy by targeting, either genetically (small hairpin RNA for MDA-9/Syntenin) or pharmacologically (PDZ1i), MDA-9/Syntenin in glioblastoma multiforme (GBM). Importantly, they used the useful strategies of fragment-based lead design, or fragment based drug design (FBDD) for developing small-molecule inhibitor of MDA-9/Syntenin PDZ1 domain. Briefly, NMR-based screening of an in-house assembled fragment library of about 5000 compounds using [ Chemical shift mapping studies demonstrated that these two compounds interacted mainly with the PDZ1 domain, whereas no viable fragment hits were found binding to the PDZ2 domain. And then, they synthesized a bidentate molecule 113B7 (termed PDZ1i) by combining molecular docking studies with structure-activity relationship studies. The data shows the molecule PDZ1i selectively binds to the PDZ1 domain, but not the PDZ2 domain. These initial studies reveal that PDZ1i effectively inhibits invasion in GBM cells and MDA-9/ Syntenin-induced invasion following MDA-9/Syntenin overexpression in HEK-293 cells. By counteracting gains in Src, FAK, EPH receptor A2 (EphA2), and epidermal growth factor receptor (EGFR) signaling, MDA-9/Syntenin inhibition can reduce radiation-induced invasion as well as radiosensitize GBM cells, ideal properties to complement radiation treatment [8] . This study highlights the distinctive effect of MDA-9/ Syntenin PDZ1 inhibitor in aggressive GBM cells in vitro, including profound anti-invasive effects, good stability without over toxicity in vivo, a potential ability to pass the blood-brain barrier, and the capacity to both radiosensitize and block invasion gains of radiation. Previously, we utilized proximal reactivity to develop reactive peptides against a PDZ protein PDZ-RGS3 inside cells leading to inhibit human neuroblastoma cells migrating [74, 75] . Despite its success, this strategy can not be applied to MDA-9/Syntenin as it does not have a reactive residue (for example cysteine) at the peptide-binding site. On the other hand, Strømgaard and coworkers have developed a dimeric peptide inhibitor that binds to the tandem PDZ domain of PSD N1000 fold tighter than the natural PDZ epitope [76] . Therefore, we reason that a peptide dimer containing two binding epitopes appropriately spaced by a linker will bind the MDA-9/Syntenin tandem PDZ domain (through simultaneous binding to both PDZ domains) with much higher affinity.
In a recent work, we developed the first dimeic peptide inhibitor of MDA-9/Syntenin PDZ domain based on natural epitopes. Two strategies are employed to derive high-affinity blockers from the low-affinity natural binding peptides: first, dimerization of the C termini of natural MDA-9/Syntenin-binding peptides confers dimer peptides with much higher affinity than the monomers; second, unnatural amino acid substitution at P-1 and P-2 positions of the PDZ-binding sequence increases the binding affinity [10] . Briefly, first, four peptides derived from the natural binding proteins of MDA-9/Syntenin were chosen as the parental MDA-9/Syntenin blockers: RVAFFEEL (an epitope from Merlin, named p1) [32] , TNEFYA (an epitope from syndecan, named p2) [32] , DKEYYV (an epitope from neurexin, named p3) [76] , and LEDSVF (an epitopefrom interleukin-5 receptor a, named p4) [32] . We next synthesized dimeric peptides by crosslinking peptide N termini through a linker PEG3 by cysteine maleimide bioconjugation reaction. The PEG3 linker will allow the dimeric peptide to bind to both the PDZ1 and PDZ2 domains.
According to the crystal structure of the protein complexes between MDA-9/Syntenin tandem PDZ domain and its natural binding epitopes, MDA-9/Syntenin mainly recognizes the three C-terminal amino acids in the target ligand (P0, P-1, and P-2, P0 refers to the C-terminal residue of the peptide and P-n refers to the nth amino acid upstream of peptide) and the residues upstream are not involved in the binding (Fig. 3A ) [77] . Residue at the P0 position (Val) dominates the recognition of PDZ and ligand, and hydrophobic interaction between the side chain of tyrosine and the domain pocket is the main contributor to the binding interaction (Fig. 3A) . We substituted the tyrosine at P-1 and P-2 positions of peptide p3 (DKEYYV) by tryptophan, phenylalanine, and an unnatural amino acid naphthylalanine (Φ) to increase the hydrophobicity at this position. The optimized dimeric peptide 13-13 (Fig. 3B) showed the strongest binding affinity with a K D value of 0.21 μM to syntenin tandem PDZ domain and 160 times higher than the original peptide p3 (the K D value of p3 for PDZ1 81 ± 7 μM, PDZ2 33 ± 2 μM). Individual PDZ domains alone however showed significantly lower affinity (1.2 μM for PDZ1 and 0.52 μM for PDZ2) compared to the tandem domain (0.21 μM). This suggests that both PDZ1 and PDZ2 in the tandem domain protein are involved in the binding to the 13-13 peptidedimer [77] . The following studies demonstrated MDA-9/Syntenin-targeted dimeric inhibitor selectively inhibits cell migration in MDA-9/ Syntenin overexpressing cells but not in a control cell line with lower expression. Our work show cases an effective strategy to derive high-affinity blocker of multidomain adaptor proteins, which resulted in a MDA-9/Syntenin-targeted antagonist with potential pharmaceutical values for the treatment of MDA-9/Syntenin overexpressing cancers.
Conclusions and Perspectives
In conclusion, since MDA-9/Syntenin's discovery in a subtraction hybridization screen for genes involved in human melanoma differentiation, it displays an impressive diversity of interacting partners, indicating it serves as a significant role in human tumorigenesis. Multiple studies demonstrated MDA-9/Syntenin's activity in driving metastatic progression of various human malignancies via FAK, c-Src, p38-MAPK, AKT, NF-κB, IGFBP2, SPRR1B, and EGFR signaling (Table 1) . Overall, MDA-9/Syntenin provides a direct target for therapy of aggressive cancers, and defined small-molecule inhibitors such as dimeric peptide hold promise to advance cancer targeted therapy. The further investigations would help identify novel functions and partners of MDA-9/ Syntenin, thereby providing a better perspective in developing of therapeutic interventions based on targeted disruption of MDA-9/ Syntenin. As we all know that there is unlikely to be a single protein target that can completely eliminate aggressive tumors. Although inhibiting MDA-9/Syntenin could reduce the proliferation rate of some cancer types, the level to which it slows growth is not nearly as dramatic as true cytotoxic therapies. Therefore, selectively inhibition of MDA-9/ Syntenin could serve as an ideal complement to many conventional therapy strategies such as chemotherapy or radiotherapy. In these contexts, inhibitors of MDA-9/Syntenin, both direct and those that block its interaction with partner proteins, combined with conventional therapies may provide a novel approach for effectively treating and potentially preventing both primary tumors and metastases. Discipline Construction Projects (China, 2017ZZ02015), and the National Natural Science Foundation of China (81703394).
